Abstract The marine macroalga, Ulva lactuca, has been exposed for 48 h to different concentrations of Ag added as either silver nanoparticles (AgNP) or aqueous metal (AgNO 3 ) and the resulting toxicity, estimated from reductions in quenching of chlorophyll-a fluorescence, and accumulation of Ag measured. Aqueous Ag was toxic at available concentrations as low as about 2.5 lg l -1 and exhibited considerable accumulation that could be defined by the Langmuir equation. AgNP were not phytotoxic to the macroalga at available Ag concentrations up to at least 15 lg l -1 and metal measured in U. lactuca was attributed to a physical association of nanoparticles at the algal surface. At higher AgNP concentrations, a dose-response relationship was observed that was similar to that for aqueous Ag recorded at much lower concentrations. These findings suggest that AgNP are only indirectly toxic to marine algae through the dissolution of Ag ? ions into bulk sea water, albeit at concentrations orders of magnitude greater than those predicted in the environment.
Introduction
Engineered nanoparticles have a wide variety of applications in the cosmetic, pharmaceutical, electronics, medical, textile, plastics, food and energy sectors. Increasing production and disposal of nanoparticles, coupled with their high surface areas and mobilities, have led to considerable recent interest in their environmental behaviour and impacts, and in particular, their interactions with and toxicities to aquatic organisms (Griffitt et al. 2008; Hall et al. 2009; Petersen et al. 2009 ). In the aquatic environment, engineered nanoparticles may be directly and/or indirectly toxic. Direct effects include damage to cell membranes and oxidative stress, arising from the high density of reactive groups at the nanoparticle surface and, in some cases, the intrinsic photocatalytic activity of the particles (Zhu et al. 2008; Hao et al. 2009 ); at relatively high nanoparticle concentrations, entrapment and shading of microorganisms have also been reported (Aruoja et al. 2009 ). Indirect effects include the production of reactive oxygen species and dissolution of toxic ions or impurities into the bulk medium, and physical and chemical interactions that modify the bioavailability and toxicity of co-contaminants (Blinova et al. 2010; Hartmann et al. 2010) .
Because of their antimicrobial properties and widespread domestic and industrial uses, silver nanoparticles (AgNP) have attracted recent attention in respect of their potential environmental impacts (Sharma et al. 2009 ). The inhibitory effects of AgNP on various forms of bacteria are well documented (Sondi and Salopek-Sondi 2004; Cho et al. 2005 ) although the precise mechanisms of toxicity are not fully understood. This is because antibacterial properties appear to be exhibited by metallic Ag, the free ion and the moderately hydrophobic, neutral chloro complex AgCl aquatic organisms other than bacteria are limited but available information suggests that the relative toxicities of particles and ions released from particles are species-specific. For instance, Asharani et al. (2008) showed that starch-and bovine serum albumin-capped AgNP, albeit at concentrations of several mg l -1 , were directly toxic to zebrafish embryos and had distributed in the brain, heart, yolk and blood. At similar concentrations, Laban et al. (2010) found that both particulate and aqueous forms of Ag were toxic to embryos of the fathead minnow. In contrast, Bilberg et al. (2010) found that AgNO 3 was more toxic to the respiration of the Eurasian perch than AgNP, while Navarro et al. (2008) and Miao et al. (2009) established that toxicity to fresh water and marine microalgae was solely due to Ag ? ions released from the nanoparticle matrix. Recently, Ringwood et al. (2010) demonstrated measurable toxicity of AgNP to oyster embryos at concentrations as low as 1.6 lg l -1 but could not establish whether effects were direct or indirect.
In the present article, and in order to expand on our limited understanding of the impacts and toxicity of nanoparticles in coastal waters, we examine the interactions of AgNP with the marine macroalga, Ulva lactuca, a species of the important cosmopolitan genus of primary producers that is commonly used in ecotoxicological and biomonitoring studies (Kamala-Kannan et al. 2007; Han et al. 2008; Turner and Rice 2010) . In order to discriminate the effects of particulate and aqueous Ag, we determine the interactions of the metal with the alga and its toxicity in terms of inhibition on the efficiency of photosystem II (PS II) when added in nanoparticulate form and as AgNO 3 .
Materials and methods

Materials and reagents
All plasticware and glassware used in the experiments and for sample digestion and analyte storage was soaked in 0.5 M HCl for at least 16 h and rinsed twice with distilled water before being used. Coastal sea water (salinity 33; pH 7.8-8.0; dissolved organic carbon *100 lM) collected from Plymouth Sound (UK) and filtered through a 0.6 lm extruded carbon filter was used for culturing and experimental work and analytical grade acids, standards and salts were purchased from Fisher Scientific or VWR. Silver nanoparticles (AgNP) of less than 100 nm in diameter were purchased as a powder from Sigma-Aldrich (product number 576832-5 g; batch number 07721KH). The purity of the particles was stated as [99.5% and surface area was reported as 5.0 m 2 g -1 . A 20 mg l -1 stock suspension was prepared immediately before being used in the experiments by weighing an appropriate mass of particles into a 250 ml Pyrex bottle, adding 200 ml of Millipore Milli-Q water and ultrasonicating the contents for 5 h in a Sonicleaner bath (Lucas Dawe Ultrasonics). TEM (transmission electron microscopy) analysis of a stock prepared identically revealed nanoparticles to be irregular, pitted spheroids (Bradford et al. 2009 ).
Sampling
As required, samples of U. lactuca were collected at low water from intertidal rock pools at Mountbatten, Plymouth, between June and August 2010, and were transported to the laboratory in zip-lock plastic bags containing local sea water. Samples were cleaned of particulate matter and epibionts and then acclimatised for about 3 days in aerated sea water at 15 ± 1°C in clear 10 l polyethylene tanks maintained under fluorescent (daylight) lighting (250 lmol m -2 s -1 photosynthetic active radiation) for 12 h per day.
Experimental
Discs of 14 mm in diameter and averaging about 6 mg on a dry weight basis were cut from the central portions of thalli with the sharpened end of a polyethylene cylinder. Discs were acclimatised for 24 h in a clear, 1 l polypropylene tank containing 500 ml of sea water under the conditions described above. Experiments were conducted in a series of 150 ml polyethylene terephthalate culture beakers, each containing 100 ml of sea water and two discs of U. lactuca. In quadruplicate, different quantities of silver were added to the beakers, from an AgNO 3 standard solution or the AgNP stock. Added concentrations of Ag as AgNO 3 ranged from 0 to 100 lg l -1 but concentrations arising from the addition of nanoparticles were more difficult to control and accurate quantification relied on subsequent metal analysis (see below). This is because of rapid aggregation and settlement of nanoparticles in the stock suspension, an effect that resulted in a gradual increase in both particle size and Ag concentration towards the base of the bottle and that necessitated stock abstraction from the surface of the suspension. The lidded contents of the culture beakers were immediately placed on a Denley orbital shaker at about 100 rpm for 48 h under the culture conditions described above. At the termination of the experiment, 1 ml of sea water from each beaker was pipetted into a 15 ml polypropylene test tube and diluted to 10 ml with 1 M HCl, while discs of U. lactuca were retrieved with a pair of plastic tweezers and gently shaken to remove excess sea water. One disc from each beaker was retained for the determination of chlorophyll-a fluorescence (see below), while the second disc was freeze-dried in a clear specimen bag and subsequently weighed and digested. Complete digestion was achieved by the addition of 2 ml of Interactions of silver nanoparticles with macroalga 149 concentrated HNO 3 to each disc contained in a 10 ml Pyrex beaker and heating the contents to about 70°C on a hotplate. Residual digests plus acid rinsings were transferred to 10 ml Pyrex volumetric flasks and diluted to mark with Milli-Q water. The carefully emptied containers arising from selected experiments employing AgNP were rinsed with 50 ml of 1 M HCl for 1 h in order to evaluate any loss of particles (e.g. by settlement) during the experiments. Acid rinsings were transferred to polypropylene centrifuge tubes pending analysis.
Analysis
The potential photochemical efficiency of photosystem II (PS II) of U. lactuca exposed to Ag was determined prior to exposure and at the termination of the experiments by measuring chlorophyll-a fluorescence using a Hansatech Instruments portable plant efficiency analysis meter. Discs were placed in the beam of excitation light and the maximum fluorescence yield, F m 0 and initial fluorescence yield, F o , recorded. The effective quantum yield of photosystem II (PS II) is expressed as the ratio of variable to maximum
. Acidified filtrates, acidified samples abstracted from the stock suspension, HNO 3 digests and HCl-rinsings of containers were analysed for 107 Ag by inductively coupled plasma-mass spectrometry (ICP-MS) using a Thermo Scientific X Series II bench top mass spectrometer (Thermoelemental, Winsford, UK). The instrument was calibrated in the range 1-30 lg l -1 using standards prepared by dilution of a AgNO 3 plasma emission solution in 0.3 M HNO 3 . Drift in instrument sensitivity and variations in plasma conditions were corrected for by the addition of 100 lg l -1 of 115
In to all samples and standards, and a standard was analysed as a check after every ten samples. Signals registered in control sea water and algae, arising from pre-existent Ag or molecular ion interferences, were subtracted from Ag concentrations measured in the corresponding samples that had been exposed to added metal.
The size distribution of particles in the stock suspension and in selected samples of sea water that had been amended with AgNP at concentrations ranging from 1 to 10 mg l -1 (verified by subsequent ICP-MS analysis) was determined by nanoparticle tracking analysis (NTA) using a Nanosight LM10 instrument. Quadruplicate 1 ml aliquots were individually introduced into the viewing chamber where particles were video-tracked for a period of 90 s. Data were acquired and analysed using the accompanying software.
Statistical analysis Significant differences (P \ 0.05) in mean Ag concentrations or mean DF/F m 0 values arising from the different exposures were ascertained by one-way ANOVA and Tukey's post hoc test using Minitab v15. Relationships between Ag concentrations in U. lactuca and sea water were derived from linear regression analysis of the original or transformed data using Excel 2007.
Silver speciation
The inorganic equilibrium speciation of Ag under the experimental conditions described above (salinity = 33; pH = 8; T = 288 K) was computed using the Windermere Humic Aqueous Model (WHAM, v6) and the thermodynamic constants in its database. The extended DebyeHückel equation was used to calculate ion activity coefficients and equilibrium with the atmosphere (pCO 2 = 3.5 9 10 -4 atm) was assumed.
Results
Recovery and characteristics of added silver
The calculated, equilibrium inorganic speciation of aqueous Ag under the experimental conditions is reported in Table 1 . Consistent with previously published calculations (Pedroso et al. 2007 ), the dominant inorganic species are charged chloro complexes, and the neutral chloride and free ion comprise less than 1% of total aqueous Ag. When administered to the cultures as AgNO 3 , the average analytical recovery of Ag (that is, Ag measured in sea water and in algae relative to the amount added) increased from about 50 to 65% across the concentration range employed in the experiment; successive recoveries were never statistically different, however. Loss of Ag may be attributed to the adsorption of the free ion and moderately hydrophobic neutral chloride complex (AgCl 0 : K ow * 0.1; Reinfelder and Chang 1999) to the container surfaces. When administered as AgNP, it is difficult to estimate absolute recovery because of the aggregation and settlement of particles in the stock suspension, as described above. However, given that the relative recovery was invariant across the concentration range employed in the experiment and that quantities of Ag measured in acidrinses of containers emptied or carefully decanted after the incubations were extremely low, it is reasonable to assume a recovery relative to that added of close to 100%. When nanoparticles were added to sea water in the concentration range 1-10 mg l -1 , the average particle size (± one standard deviation) measured by NTA was 58 ± 27 nm. This is close to the mean particle size determined by NTA at the surface of the original stock suspension where we abstracted for experimental purposes (45 ± 33 nm), and to the mean size of particles measured independently and ex-situ by TEM (59 ± 19 nm; Bradford et al. 2009 ). In a separate experiment, addition of AgNP resulted in a measured Ag concentration that was constant (*10 lg l -1 ) over a period of 5 days. These observations suggest that, under the experimental conditions employed in the present study, little aggregation-settlement and loss of particulate Ag occurs. This is in contrast to the aggregation reported by Miao et al. (2009) for AgNP added to artificial sea water (albeit at an unspecified concentration). We surmise, therefore, that dispersion of nanoparticles in our experiments is effected by the presence of sufficient natural polyelectrolytes (DOC * 100 lM).
Influence of silver on PS II
The effective quantum yield of PS II of U. lactuca suspended in sea water and exposed to different concentrations of Ag is shown in Fig. 1 ; results at the lower end of the concentration range are also expanded in the inset. Note that Ag concentrations are referred to as ''available'' and are total concentrations measured in sea water and algae at the end of the exposures, thereby excluding any loss of metal to the container surfaces and circumventing potential quantitative errors inherent in the administration of AgNP (and as described above).
The initial mean value of DF/F m 0 was 0.68 and this remained constant in controls, in which no Ag was added, for the duration of the experiment. When added as AgNO 3 , progressive, significant reductions in average values of DF/F m 0 occurred relative to the control over a concentration range of about 2.5 and 30 lg l -1 with no further significant decrease with subsequent increases in available Ag concentration. When added as nanoparticles, DF/F m 0 is invariant up to an available Ag concentration of at least 15 lg l -1 , and the lowest available concentration at which a toxic response was measured was about 45 lg l -1 . With further increases in concentration of available Ag, a minimum in DF/F m 0 is observed at about 75 lg l -1 . Thus, U. lactuca exposed to AgNO 3 and AgNP yields similar overall trends in phytotoxic response, but the toxicity of the metal to the macroalga appears to be at least six times greater when administered from an aqueous stock.
Accumulation of silver
In Fig. 2 added as AgNO 3 , the relationship is non-linear and the data conform to a Langmuir-type isotherm: 
Discussion
This study has demonstrated clear differences in the interactions of Ag with the marine macroalga, Ulva lactuca, that are dependent on the mode of introduction of the metal. Presumably, our observations are related to differences in the physical and chemical properties of Ag in aqueous and nanoparticulate forms and kinetic constraints on the partial conversion of the latter to the former.
The concentration at which aqueous Ag is measurably toxic in the marine environment, evaluated using a variety of organisms and end-points, appears to be in the range \1 to about 15 lg l -1 (Luoma et al. 1995; Bianchini et al. 2005; Ward et al. 2006) , quantitatively consistent with observations made in the present study. Since Ag does not appear to form particularly strong complexes with organic ligands in sea water (Miller and Bruland 1995) , its aqueous speciation is dominated by various chloro-complexes (see Table 1 ). The toxicity and accumulation of aqueous Ag are, however, generally attributed to the uptake and consequent effects of the free ion and, in some instances, the low polarity, neutral chloro complex, AgCl 0 (Reinfelder and Chang 1999; Wood et al. 2010) , whose relative abundances are predicted to be only 0.002 and 0.57%, respectively, in the present experiments.
We observed no toxic response of AgNP to U. lactuca up to available concentrations above 15 lg l -1 . Clearly, AgNP and/or aggregates thereof are not intrinsically toxic to the macroalga over the concentration range in which aqueous Ag is reported to be toxic in the marine environment. At AgNP concentrations well in excess of concentrations in which nanoparticles are predicted to exist in the environment, we suspect that the suppression of DF/F m 0 is a consequence of the dissolution of quantities of Ag from nanoparticles that are sufficient to elicit a toxic response. Its dissolution proceeds via the oxidation of metallic Ag, a process that may be catalysed by various exudates, such as H 2 O 2 (Navarro et al. 2008 ). Our observations imply that the dissolution of Ag is a slow process; specifically, if we assume that about 2.5 lg l -1 of aqueous Ag is toxic to U. lactuca, we estimate that this concentration is only achieved by nanoparticle dissolution when well above 15 lg l -1 of AgNP are added to sea water for a period of 48 h.
Silver ions (and, possibly, AgCl 0 ) are accumulated by U. lactuca in a non-linear, Langmuir-type fashion. Accumulation consists of metal that is adsorbed to functional groups on the surface of the alga and metal that is internalised within cells. In the latter state, Ag is able to combine with intracellular proteins and enzymes and elicit a toxic response. In the present experiments, we were not able to discriminate surface bound and internalised Ag by conventional EDTA washing (Hassler et al. 2004; Turner et al. 2008) because the acid has a rather low affinity for Ag ions. Nevertheless, the shape of the accumulation isotherm suggests that concentrations in the two compartments are non-linearly related and/or that at least one compartment approaches saturation. That the toxicity of aqueous Ag to U. lactuca levels off (or even diminishes) above available concentrations of about 30 lg l -1 is consistent with the saturation of the internalised compartment (or, more specifically, a limited availability of intracellular molecules that are able to combine with Ag in this pool).
When exposed to AgNP, concentrations of Ag in U. lactuca cannot solely be accounted for by the accumulation of aqueous Ag because (i) insufficient dissolution of metallic Ag takes place over the concentration range studied in this experiment and (ii) the magnitude of uptake is much lower than that ascribed to accumulation of aqueous Ag (see above). It would appear, therefore, that concentrations measured in the alga largely reflect some physical association of Ag, such as the adherence of nanoparticles to the polysaccharide-rich surface. As such, nanoparticles ''partition'' between the algal surface and sea water to an extent that is independent of added or available concentration and that is an order of magnitude lower than accumulation of the metal administered or available in aqueous form. The subsequent chemical or biological effects of this association are not known, but that no measurable toxicity was observed over most of the concentration range employed in the experiment suggests Ag in this state is not directly available to the organism or to appreciable dissolution in bulk sea water. Potentially, however, nanoparticles associated with U. lactuca could be transferred to higher trophic levels via herbivores grazing the alga.
The results of this study are qualitatively consistent with those reported for the impacts of various engineered nanomaterials, including AgNP, with unicellular algae, at least when cell concentrations are below those of the nanoparticles themselves. Thus, interactions at the cell surface are physical and there is no evidence for nanoparticle uptake (van Hoecke et al. 2008) . Toxicity of metallic particles that do not display photocatalytic properties is largely attributed to the dissolution of ions from the nanoparticulate matrix into the bulk aqueous medium and their subsequent bioaccumulation (Franklin et al. 2007; Navarro et al. 2008; Miao et al. 2009 ). Overall, therefore, the effects of metallic nanoparticles on algae are predicted to be a function of both the rate of metal dissolution and the toxicity of the resulting ions. Based on the latter at least, AgNP are predicted to be among the more toxic nanoparticles to algae in both fresh water and marine environments. This is because Ag ? is one of the most phytotoxic metal ions (Hiriart-Baer et al. 2006) and, in the presence of chloride, aqueous toxicity may be augmented by the formation of the moderately hydrophobic, neutral chloro complex (Reinfelder and Chang 1999) . That said, however, concentrations of AgNP high enough to elicit a phytotoxic response are unlikely to be encountered in the marine environment.
